The restoration of peatlands is an important strategy to counteract subsidence and loss of 27 biodiversity. However, responses of important microbial soil processes are poorly 28 understood. We assessed functioning, diversity, and spatial organization of methanotrophic 29 communities in drained and rewetted peat meadows with different water table management 30 and agricultural practice. Results show that the methanotrophic diversity was similar between 31 drained and rewetted sites with a remarkable dominance of the genus Methylocystis. Enzyme 32 kinetics depicted no major differences, indicating flexibility in the methane (CH 4 ) 33 concentrations that can be used by the methanotrophic community. Short-term flooding led to 34 temporary elevated CH 4 emission but neither to major changes in abundances of MOB nor in 35 CH 4 consumption kinetics in drained agriculturally used peat meadows. Radiolabelling and 36 autoradiographic imaging of intact soil cores revealed a markedly different spatial 37 arrangement of the CH 4 consuming zone in cores exposed to near-atmospheric and elevated 38 
Introduction 45
Methane (CH 4 ) is an important greenhouse gas (GHG) that contributes significantly (17%) to 46 the total anthropogenic radiative forcing of 2.83 W m -2 (Myhre, et al., 2013) . However, the 47 annual growth rate of atmospheric CH 4 varied largely over the last 30 years (Kirschke, et al., 48 2013) . The causes for these anomalies are not fully understood but may be linked to changes 49 in wetland CH 4 emissions such as: changes in wetland area, wetland management (e.g. 50 fertilizer use in rice cultivation), and climatic effects affecting water table and temperature 51 (Bousquet, et al., 2006 , Kai, et al., 2011 , Spahni, et al., 2011 , Kirschke, et al., 2013 , 52 Turetsky, et al., 2014 . 53
In recent years, many peatlands were restored to natural wetlands to counteract 54 subsidence of the peat soil (Verhoeven & Setter, 2010 ) and the loss of wetland biodiversity 55 CH 4 oxidation was highest at this depth (unpublished data). Roots were removed from the 120 soil, the sample was mixed, freeze dried, and stored at room temperature in the dark until 121 further analyses. The main soil characteristics are summarized in Table S1 . 122
123

Study site and experimental design: drainage after short-term flooding 124
An additional pair of study sites was located at the former experimental dairy farm of 125 the University of Wageningen in Zegveld, the Netherlands (52°8'25.9 N, 4°50'19.7 E). A 126 former agricultural pasture was temporarily flooded for 12 weeks in a wetland bird-127 management initiative. The pasture has been flooded for the first time in February 2010 and 128 the second time in February 2011 and is still used for extensive agriculture (cattle and sheep). 129
Next to this site, we selected a non-flooded drained reference site with similar characteristics 130 and agricultural history. At each study site, we selected four plots of 1 m 2 , which were 131 marked with bamboo sticks for re-sampling over the season. In each plot, CH 4 emission was 132 measured in duplicate points before soil cores were collected for further analysis in the 133 laboratory. In the following sampling campaigns two new points were selected within the 1 134 m 2 area and prepared in the same way as described above. In total, per sampling event and 135 per site we obtained 8 samples and CH 4 flux readings from two points at four plots. The soil 136 was processed as described above. The main soil parameters, pH and moisture content based 137 on dry weight are given in Table S2 . 138
139
CH 4 oxidation kinetics 140
Apparent enzyme kinetics, i.e. the apparent half-saturation constant (K mapp ) and the 141 maximum rate of CH 4 consumption (V max ) were determined from all soil samples the day 142 following sample collection. Assays were performed by incubating 5 g of processed soil, 143 suspended in 10 ml of MilliQ water (MILLI-Q Reagent Water System, Millipore) in 120 ml 144 serum flasks capped with a butyl rubber stopper (Sigma Aldrich). CH 4 was added to the 145 headspace to achieve mixing ratios of approximately 50, 100, 500, 1000, 5000, 10.000 and 146 20.000 (only for long-term hydrological restored sites) ppmv. Soil slurries were incubated on 147 a rotary shaker (120 rpm) in the dark at room temperature. CH 4 consumption was monitored 148
by GC-FID analysis (HP 5890 Gas Chromatograph, Hewlett-Packard) over a period of 1-4 149 days including 5-12 measurements. Individual CH 4 oxidation rates for each concentration per May before the removal of water, three days after removal of water and in the beginning of 157 June, July and August. We used acrylic cylinders (40 cm length, 10 cm diameter) equipped 158 with two-way sampling ports through which headspace gas samples could be collected. These 159 samples were transferred into evacuated glass vials with a rubber stopper (Terumo, Belgium) 160 and analyzed for CH 4 concentration by GC-FID (Ultra GC gas chromatograph, Interscience, 161 Breda, the Netherlands, 30m x 0.32mm ID Rt-Q-Bond capillary column). CH 4 Both from the control as well as the temporarily flooded site in Zegveld, two pairs of cores 167
were taken in October 2011, at the end of the growing season. One soil core per pair was 168 labelled with 14 C-CH 4 under elevated (10.000 ppmv) while the other was incubated under 169 near-atmospheric (10 ppmv) CH 4 concentrations. An additional soil core from the 170 temporarily flooded site was incubated at near-atmospheric conditions. The procedure was 171 performed as described in Stiehl-Braun and colleagues (2011). In brief, soil cores were 172 sampled by using polyethylene tubes (16 cm length, 5.7 cm diameter) and labeled with a total 173 activity of ca. 500 kBq 14 CH 4 . Labelling was carried out in gas-tight jars, for seven days. CH 4 174 headspace concentrations were monitored, and unlabeled CH 4 added to keep concentrations 175 close to the target values of 10 or 10.000 ppmv. To fix and solidify, the labeled soil cores 176 were freeze-dried and impregnated with epoxy resin, using a vacuum chamber, the fixed soil 177 cores were then cut horizontally into three sections of 5 cm height, and a vertical slice of 178 approximately 1 cm thickness cut from the center of each of these cylindrical sections, using 179 a diamond circular saw. These sections were mounted on 3 mm glass slides with epoxy resin, 180
and levelled with a diamond cup mill. Then, autoradiographs of the soil sections were 181 obtained by exposing phosphor imaging plates for 5 days. The imaging plates were scanned 182 by red-excited blue fluorescence scanning at a resolution of 50 µm. The images from the 183 three slides per core were then recomposed using MATLABs image processing toolbox. DNA from the combined 1 ml of supernatant was purified and precipitated (Lueders, et al., 196 2004 ). Finally, pelleted nucleic acids were suspended in 30 μl of elution buffer (Qiagen, 197 Germany) and stored at -20 °C. DNA quality and quantity was determined using a Drop Spectrophotometer (Thermo Scientific, USA). 199
We first performed Sanger sequencing of the pmoA gene from clone libraries 200 generated using the pGEM-T Easy Vector Systems (Promega, USA). Amplicons were made 201 using the forward primer A189f and either the reverse primer mb661r or A682r (table S3) For an in depth analysis of community composition, samples from the long-term 210 hydrological restored and drained sites were subjected to NGS (454 pyrosequencing) 211 amplicon sequencing (GS FLX, titanium chemistry; Roche). The barcoded amplicons were 212 obtained in a two-step PCR approach using the primer pair A189f and A650r (table S3) . In a 213 first step, pmoA genes were amplified in 35 cycles and PCR conditions as described above. In 214 a second step, 1 μl of a 25 fold dilution of PCR product from first step was amplified using 215 the same primers in 25 cycles with an annealing temperature of 52°C. Three reactions were 216 carried out for each sample, pooled, purified via gel extraction and sent for analyses to GATC 217 Biotech, Konstanz, Germany. 218
Sequence reads larger than 400 bp were analyzed as described in (Lüke & Frenzel, 219 2011). In brief, nucleotide sequences were translated into amino acid sequences and reads 220 containing frame shifts were removed from further analysis. Phylogeny was inferred using 221 the Neighbor Joining algorithm with Jukes Cantor correction. Processing and analysis was 222 done using the ARB software (Ludwig, et al., 2004) . Nucleotide sequences found in this 223 study were deposited at the EMBL European Nucleotide Archive (ENA) under the study 224 accession number XXXXXXXX. 225
226
MOB abundances 227
We followed total abundances of different MOB groups over the growing season at the short-228 term flooded and drained reference using quantitative PCR (qPCR). Therefore all four 229 samples were pooled for each site and time point. Type Ia, Ib and type II subgroups were 230 quantified using pmoA-specific qPCR assays described by Kolb et al. (2003) . Prior to qPCR 231 template was checked for PCR inhibition by template dilution. The three assays were 232 performed in duplicate as described by Pan et al. (2010) . In brief, 12.5µl 2 x SensiFAST 233 SYBR No-ROX Kit (Bioline, Germany), 2 µl of diluted DNA template (1 ng per µl) and 0.8 234 mM of each primer were mixed to a total volume of 25µl. The qPCR conditions were as 235 follows: 15 min initial denaturation at 95˚C, followed by 45 cycles of denaturation at 95˚C 236 for 20 s, annealing at 64˚C for 20 s, and extension at 72˚C for 45 s. DNA melting curves were 237 analyzed at temperatures ranging from 70 to 99˚C and fluorescence was recorded at 84˚C. All 238 assays were performed with a Rotor-Gene 6000 thermal cycling system (Corbett Research, 239 Australia). Samples were added to aliquots of the master mixture using the QIAgility liquid 240 handling system (Qiagen, Netherlands). To quantify total copy number of each individual 241 assay the Rotor-Gene Q Series Software (Qiagen, Netherlands) was used. 242
In addition, we tested all samples at the drained sites with and without short-term 243 flooding and at the long-term hydrological restored sites for the putative atmospheric MOB 244 upland soil cluster (USC) α. The primers A189f-Forest675r targeting specifically USC α 245 pmoA genes were used (Kolb et al., 2003) . We followed the protocol as described in Barbosa 246 and colleagues (2015) . These assays were performed with the CFX96 qPCR cycler (Biorad, 247 Germany). To quantify total copy number of each individual assay the Bio-Rad CFX 248
Manager Series (version 3.0.1224.1015) software was used. 249
250
Statistics 251
Possible differences in fluxes and kinetics between long-term hydrological restored sites, 252
short-term flooded, and drained sites were evaluated using a two-sided Student's t-test as 253 implemented in the statistical software R (R Development Core Team, 2013). 254
255
Results
256
MOB community composition in long-term hydrological restored and drained peat meadows 257
We performed Sanger sequencing of pmoA gene clone libraries and used the two widely 258 applied reverse primer mb661r and A682r, together still having the highest coverage of 259 aerobic MOB diversity. Members of the genus Methylocystis (type II MOB) were the 260 dominant MOB present (Figure 1, Figure S1 ), independent of agricultural history and 261 management. The reverse primer A682r also covers ammonia monooxygenase genes. At both 262 sites at Stein and for the drained reference site at Horstermeer next to a dominance of type II 263 MOB a large fraction of sequences belonging to the ammonium-oxidizing genus Nitrosospira 264 were detected (Figure 1, Figure S1 ). 265
Since drainage of peat soil can turn this environment with high internal CH 4 supply to a well 266 aerated and dry environment with predominantly sub-atmospheric CH 4 concentrations we 267 looked for the occurrence of putative atmospheric CH 4 oxidizers. We applied the pmoA 268 reverse primer A650r to increase the coverage of these putative high affinity MOB in a 269 pyrosequencing approach. In all four sites a large proportion of the putative atmospheric CH 4 270 oxidizers USC α and related were detected but also a small fraction of other putative 271 atmospheric CH 4 oxidizers such as TUSC (Figure 1) . The qPCR assay specifically targeting 272 USC α pmoA genes revealed a low abundance of those organisms at the studied environments 273 (Figure 2 
MOB community composition in drained peat meadows with and without short-term flooding 278
The short-term effect of flooding on the methanotrophic community were quantitatively 279 followed for different sub-populations of MOB over a growing season in drained peat soils 280 with and without a short-term flooding (Figure 3) . The qPCR data of the three major group of 281 MOB revealed temporal variability with a peak of all three sub-populations in samples taken 282 in June (Figure 3) . Overall, the abundance of type II was a 1000 fold higher compared to type 283 Ia and Ib MOB (Figure 3) . The qPCR assay specifically targeting USC α pmoA genes showed 284 that USC α were below the detection limit over the whole growing season (Figure 2) . 285
We performed an additional Sanger sequencing of pmoA gene clone libraries using 286 only the reverse primer mb661r (Figure 1) to get a snapshot of the community composition at 287 the end of the experimental observations in the field. Similarly to clone libraries from long-288 term hydrological restored and drained sites, the majority of the sequences were assigned to 289 type II MOB of the genus Methylocystis (Figure 1) . Next to the dominance of type II MOB, 290 sequences were found belonging to type Ib MOB affiliated to the genus Methylocaldum at the 291 drained site (Figure 1) Kinetics measured over the growing season in the short-term flooded soil in Zegveld showed 300 very high variability and were not significantly different based on Student's t-tests. Similarly, 301 calculated specific affinities showed no significant differences but displayed a large 302 variability (Table 1 & 2) . 303
Short-term flooding increased CH 4 emissions significantly compared to a drained 304 reference site (Table 3) . Once the short-term flooded site was re-drained CH 4 emissions 305 decreased continuously and approximated values measured at the reference site 306 approximately 4 weeks after drainage (Table 3) . 307
308
Spatial distribution of CH 4 assimilation in drained peat meadows with and without short-309 term flooding 310
Autoradiographic imaging of 14 C-labelled soil cores at the same site incubated under elevated 311 (10.000 ppmv) and under near-atmospheric (10 ppmv) CH 4 concentrations showed that CH 4 312 assimilation was not homogenously distributed but displayed distinct spatial patterns 313 depending on CH 4 supply (Fig. 4) . A visual exploration of the autoradiographs displayed a 314 very distinct and actively incorporating community restricted to the top soil under elevated 315 CH 4 concentrations while under near-atmospheric conditions CH 4 assimilation spread over 316 virtually the entire soil profile. These patterns were consistent both for the short-term flooded 317 site and the drained reference site (Figure 4) . However, vertical profiles at the short-term 318 flooded site under near-atmospheric conditions displayed pronounced CH 4 uptake more 319 evenly distributed over the whole soil core, reflecting more the soil structure like pore or root 320 channels (Figure 4) . 321 322 Discussion 323
MOB community composition in long-term hydrological restored and drained peat meadows 324
In this study, we compared MOB communities in Dutch peat meadows differing in water 325 table management, agricultural practice, and time since restoration. A key finding is the 326 remarkable dominance of type II MOB of the genus Methylocystis in both long-term 327 hydrological restored and drained sites (Figure 1, Figure S1 
MOB community composition in drained peat meadows with and without short-term flooding 357
Next to the long-term hydrological restored and drained sites we also looked at short-term 358 effects of rewetting/flooding of drained peat soils. Monitoring the abundance of different sub-359 groups of MOB by qPCR showed that the abundance of type II was a 1000-fold higher 360 compared to type Ia and Ib MOB. In line with Sanger sequencing results it suggests that also 361 in these peat soils type II and Methylocystis still persisted after land-use change. The genus 362
Methylosarcina can be very responsive within flooding gradients and therefore a short-term 363 flooding pulse may have favored the occurrence of the organisms (Bodelier, et al., 2012) . The 364 occurrence of the genus Methylocaldum at the drained reference site is most likely the result 365 of fertilization effects. During the growing season the reference site was fertilized with 366 manure and Methylocaldum has been clearly shown to be stimulated by nitrogen fertilization 367 (Noll, et al., 2008) . 368
369
CH 4 oxidation kinetics 370
The apparent half-saturation constant (K mapp ) can be used as indicator of the concentration 371 range of CH 4 at which the targeted MOB can be active. In CH 4 -rich environments, CH 4 is 372 oxidized with a low apparent affinity (K mapp > 1 μM), while in dry, well aerated environments 373 CH 4 is oxidized with a high apparent affinity (K mapp ranges from 0.03-0.05 μM) (Bender & 374 Conrad, 1992 ). In addition, intermediate kinetic values have been observed for several 375 hydromorphic soils with a K mapp higher than in most upland soils (> 0.1 μM) but lower than in 376 wetlands (Knief, et al., 2006) . 377
The CH 4 oxidation kinetics measured in rewetted and drained sites depicted large 378 dynamics. The K mapp of rewetted and drained sites were in the range of many cultivated type I 379 and type II MOB, including Methylocystis species (2.2 -10.3 μM) (Knief & Dunfield, 2005) . 380
Observed kinetics value showed no indication for high affinity CH 4 oxidation. However, in 381 another study we demonstrated that metabolic traits such as CH 4 oxidation kinetics are not 382 phylogenetically conserved (Krause, et al., 2014) which likely prevents the use of the 383 observed kinetics as a proxy for activity of specific MOB in field samples. 384
385
CH 4 fluxes in drained peat meadows with and without short-term flooding 386
Our results showed that short-term flooding (12-week stable water table) in an agriculturally 387 used peat land temporary increased CH 4 emissions. During and immediately after the 388 flooding period field fluxes were between 45 to 347 mg m -2 day -1 which is in a similar range 389 as measured in previous studies for long-term water- detected in wetlands with a pH between 1.8 and 5.0 (Sharp, et al., 2014) but our sampling 420 sites were less acidic (Table S1 , S2) which suggest that they do not play a major role here. 421
From the sMMO containing MOB we additionally tested for the widely occurring genus 422
Methylocella (Rahman, et al., 2011 ) but they were not detected by PCR using Methylocella 423 specific primers (data not shown). Next to aerobic MOB, recent studies have shown that 424 anaerobic CH 4 oxidation coupled to denitrification is more widely distributed and may play a 425 significant role as additional CH 4 sink in environments such as wetlands (Hu, et al., 2014) 426 and lake sediments (Deutzmann, et al., 2014) . 427
Nevertheless, our findings conclusively show that rewetting and short-term flooding 428 of agriculturally used peat meadows are comprised of a fundamentally similar 429 methanotrophic community. The present MOB community members appear to process CH 4 430 at a wide range of concentrations that naturally occur due to water- replicates were taken, all others were in duplicates. 693
